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ABSTRACT

We propose to extend the existing measurements of the deuteron tensor polarization,
t20, produced in the Dfe, e’(f) scattering. Using the HMS spectrometer in Hall C
and a new deuteron tensor polarimeter (POLDER), Ly will be measured in the range
of four-momentum transfer @ = 4.0 — 6.8 fm™!. When combined with knowledge of
the elastic structure functions A and B, this quantity permits the separation of the
charge (G¢) and quadrupole (Gg) form factors of the deuteron. The determination
of G¢ at large momentum transfer will test the applicability of existing theoreti-

cal models and their assumptions, and help determine the effects of non-nucleonic
degrees of freedom.

April 13, 1994



1 Introduction

The deuteron has spin 1, and its electromagnetic structure is therefore described
by three form factors: the charge monopole G, charge quadrupole Gg and magnetic
dipole Gps. Non-relativistically, these form factors are related to the spatial distri-
butions of charge, quadrupole deformation and magnetization respectively, both the
nucleon spins and the nucleon currents contributing to the latter.

Many models of the deuteron electromagnetic form factors have been proposed.
In the impulse approximation (IA) description of e-d scattering, the electron interacts
with each nucleon in the deuteron via a virtual photon and the electromagnetic form
factors of the interacting nucleon are taken to be the same as those for a free nucleon.
At large four-momentum transfers, corrections to the IA model become important.
These include isoscalar meson-exchange currents (MEC), isobar components (IC),
relativistic effects and perhaps quark degrees of freedom.

Experimentally, at least three observables of e-d scattering are needed to sepa-
rate all three form factors (see section 2). Differential cross section measurements
at different electron angles for the same four-momentum transfer allow the deter-
mination of the longitudinal and transverse structure functions A(G%, G, G}4) and
B(G?%,), which so far have been the main testing ground for the theoretical models.
A is measured up to @ = 10 fm™! [1] and B up to @ = 8 fm™' [2]. To separate
further G¢ and Gg, the measurement of another observable is required, and this
is necessarily a polarization observable. One must either measure the asymmetries
induced by a tensor polarized deuterium target, or measure the tensor polarization
of the recoil deuterons!. The tensor moments are a measure of the relative prob-
abilities of scattering off deuterons in magnetic substates m, = +1,—1 or 0 when
dealing with a polarized target (T3,), or of producing deuterons in these different
magnetic substates when measuring the polarization (Z2,) of the outgoing deuterons.
When combined with A(Gcz,qu,GMz) and B(GMZ), to(Ge,Gq,Gm,0.) allows the
separate determination of the two charge form factors G¢ and Gg (. is the electron
scattering angle). The two other tensor moments ¢ and iy, provide other useful
quadratic combinations of the form factors. Contrary to all other observables and
to the deuteron form factors themselves, £y is nearly independent of the elementary

nucleon form factors, and in particular of the poorly known neutron electric form

lalternatively, one may deal with deuteron vector polarization only if the electron beam is also
polarized; this type of experiment has never been attempted, but is not expected to yield a better
determination of the individual form factors (8].



factor.

We propose here to perform new precise measurements of ¢z , {21, and {32 at
4.0 < Q < 6.8 fm™!. These measurements will both determine with better accuracy
the behaviour of G¢ around its passage through zero and extend the separate de-
termination of G¢ and Gg to regions where quark degrees of freedom may begin to
play a more significant role in the description of the deuteron. Six measurements can
be made with 46 days of 100 gA beam in Hall C, using the HMS to detect electrons
and a specially designed magnetic channel to detect deuterons in coincidence. The
deuteron tensor polarization will be determined with a new polarimeter (POLDER
[10]) which relies on the p(d,2p)n reaction which has a large figure of merit for
175 < Ty < 500 MeV. This polarimeter is thus ideally suited for the Q-range of 2
which can be addressed at CEBAF beam energies.

This experiment was originally proposed to PAC 6 last year (PR-93-003). Al-
though the PAC responded enthusiastically to the physics of the experiment, the
proposal was deferred (the PAC 6 report is attached to this document). The main
questions brought up by PAC 6 were whether or not the deuteron channel and kine-
matics were optimized for the best use of beam time, and whether backgrounds in
the polarimeter were investigated in sufficient detail to determine the feasibility of
the required precision p(d,2p)n cross section measurement. Since PAC 6, we have
addressed both of these issues in considerable detail, and believe that this proposal
represents an optimized use of CEBAF beam with adequate control and understand-
ing of possible backgrounds.

The proposal is organized as follows. The next section will introduce the kine-
matics and relevant observables, followed in section 3 by a description of previous
measurements and different physical models of the deuteron in comparison with the
existing data. The experiment will then be described in detail, concluding with an
updated beam request and a list of collaboration responsibilities.

2 Kinematics and Observables

In elastic e-d scattering, the energies of the incident (E.) and scattered (E!)
electrons and the kinetic energy of the scattered deuteron (Ty) are related to @ by:

Qz = 2Md Td = 2Md (Ee bt E:) = 4E¢E;8iﬂ2 (%) (2.1)

where My is the deuteron mass and 8, the scattering angle of the electron.



It is also convenient to express the angular correlation as:

sin2 (Gd) = cosz (%L)

<= sin? (8.) = 2.2
1 + psin? (22‘) (6) 1+ psin (9;) (22)
with EN? 9
= (= < 2.3
7 ( Md) I (2.3)

By using the first Born approximation (one-photon exchange approximation) and

imposing relativistic and gauge invariance, the differential cross section can be writ-

ten as:
:_;; = (g%)Mou ) (2:4)
where
) afcos? Be
(%)Mou = % ' __“_29_ (2.5)
¢ 4E?sin* Ee—

describes the scattering of an electron off a pointlike spinless particle {(« is the fine

structure constant), and

S = A(Q) + B(Q) tan’ %” (2.6)

originates from the electromagnetic structure of the deuteron. As a consequence
of parity and time-reversal invariance, the structure functions A and B are in turn

given in terms of three elementary electromagnetic form factors:

A(@) = G(Q) + 37°G3(Q) + 27GH(Q) (27)

B(Q) = 37(1+ 1)GH(@) (28)
with 7 = Q2/4M3.

The three moments ty, of the deuteron tensor polarization are given by:

1 8 8 1 B,
2 . o 0 8.
ty = 7S nln + n* sin? -z-—]lszMGQ sec - (2.10)
1
tyy = ————— G2 .
22 238 Mrag (2 11)



In the one photon-exchange approximation of e-d scattering, and as a result of
time-reversal invariance, the deuteron vector polarization is identically zero when
using an unpolarized electron beam.

The form factors are normalized at @ = 0 to the static moments:

Ge(0) =1 (2.12)
Gq(0) = M2Qq = 25.83 (2.13)
G (0) = %pg = 1.714 (2.14)

P
where Qg and pgq are respectively the electric quadrupole moment and the magnetic
dipole moment of the deuteron, and M, is the proton mass.
The quantity tzo, derived from Eq. 2.9 by neglecting the magnetic contribution
is often used in the literature. Though not an observable, it is interesting since it

depends solely on the ratio

o
T = gan/Gc (2.15)

_ 2

fro = —V2 fl-(%;z—z) (2.16)

At small four-momentum transfers, ¢ < 1 and 39 ~ tao o —22/2 ~ —%z:Qsz, 50
that ¢y is constrained by the known deuteron quadrupole moment. The maximum
difference between tyo and fyg occurs around their absolute minimum (i.e., when
z=1). For our proposed measurement, where electron angles are small, the difference

between ty0 and Zsg is at most 0.1.

3 Physics Motivation

Measurements of iy [3, 4, 5, 6, 7, 9, 12] have been performed up to a four-
momentum transfer of @ = 4.6 fm™!, and are shown in figure 1 along with selected
theoretical curves. At relatively low momentum transfer {Q < 3 fm™!), 39 is well
determined by the non-relativistic impulse approximation with small theoretical un-
certainties. The two most recent experiments to be completed have extended the
measurements into a range where theoretical models differ significantly in their pre-
dictions for {59. One was an experiment at Bates, with the polarimeter AHEAD {11].
All three moments of the recoil deuteron tensor polarization (0, t2; and ¢,,) were
extracted at 3.8 < Q < 4.6 fm~! [9] The second experiment, performed with a po-

larized target in the Novosibirsk storage ring, measured the tensor analyzing power
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Tyo. Preliminary data [12] are available from this experiment, and where the two
measurements overlap they differ significantly in the extracted value of £2. These
two experiments were performed using very different techniques with very different
systematic errors, and thus demonstrate the need for complementary measurements,
and for additional precise measurements in this region of momentum transfer. More
measurements at Novosibirsk are currently underway but will only provide data for
Q smaller than 5 fm~' . The experiment proposed here will also add data in this

region.

3.1 Models

In the NRIA, the deuteron charge form factor G¢(Q) has a structure very similar
to u(k), the s-state wave function in momentum space, with k, the momentum
of the nucleons with respect to their center of mass, equal to @/2 {13]. The Bates
experiment provided the first experimental evidence for a node in G¢(located around
4.4 fm~'). This node is a reflection of a node in the s-state wave function, which is
in turn due to the repulsive nature of the NN interaction at short distances. The
weaker the short-range repulsion of the NN potential, the more the node of u(k) will
move to higher values, the shallower the minimum of G¢ and the less steep the slope
of too will appear. At the limit where the hard core disappears, the node moves to
infinity and £ remains lower than —1/+/2. NN potentials developed in the last ten
years all incorporate the main features of the NN scattering data. But phase-shift
equivalence does not imply equal potential or wave-function, and therefore differences
may manifest themselves in the deuteron form factors. Calculations of the deuteron
form factors and e-d observables in the NRIA have been performed by many authors
[14]—[19]. With realistic NN potentials, the NRIA gives a fair description of the
existing data.

However, near the node of G¢ at 4—5 fm™!, the measured structure function A
determines mostly Gg. Short-range components, non-nucleonic contributions and
relativistic effects become important at this momentum transfer, and manifest them-
selves mainly in G¢. Thus iy is significantly more sensitive to these effects than
is A in this region. Different theoretical descriptions of ¢5 incorporate these effects
in various ways. A complete description of available models is given in boih the
previous version of this proposal (PAC 6) and in ref. [9], and will not be described
in detail here. However, a brief description is provided in order to highlight some of

the outstanding features in comparison with the data.



Isoscalar meson exchange calculations include pair and retardation currents,
where the pion contribution largely dominates over that of heavier mesons, as well as
model-dependent pry and way contributions. Most MEC calculations also include
various relativistic one- and two-body current contributions (RC) added perturba-
tively to the NRIA results. As compared with NRIA, the minimum of G¢ is shifted
to lower Q values. This shift is larger than the Bates data would suggest (except in
the case where the Bonn-E potential is used {20]), but smaller than suggested by the
Novosibirsk data. In the three-body system, such MEC contributions are required
[21, 22] in order to reproduce the isoscalar charge form factor extracted from e-3He
and e-*H elastic scattering [23].

Relativistic models have been developed in both the Light Cone formalism and
solving a Bethe-Salpeter equation. Most do not include contributions from MEC
such as the pmy process and are therefore referred to as relativistic impulse approxi-
mation (RIA) However the pair and retardation currents are included automatically
in some models of RIA [24, 25]. Hummel and Tjon [26] performed a relativistically
covariant analysis of pry and woy MEC’s, which were treated consistently with
the NN dynamics within a quasipotential one-boson-exchange (OBE) model. They
derived the relativistic formulae for the pry and weoy current operators and eval-
uated their matrix elements using a relativistic OBE model with =, p,w,o,7 and §
mesons. They find the pmy contribution to the form factors to be much smaller than
in the non-relativistic case, and consequently the wo-y, thus far never considered, of
comparable importance. The RIA is in agreement with the Bates data, while the
addition of the MEC changes the results by less than one experimental error bar.
The pry and wov contributions to Gg almost exactly cancel each other, while the
wa~ contribution to G¢ is twice as large, with opposite sign, as the pry one. The
same authors [27] investigated a different approximation for the nucleon propagators
occuring at the electromagnetic vertex: measurable differences of the order of 0.3 in
t,o are found around @ = 6 fm~!. Similar relativistically covariant calculations have
been performed by Devine [28], with equally good agreement with the Bates data.

Relativistic calculations using the Light Cone formalism have also been per-
formed, and give a good description of the data. The problem of including MEC has
not yet been dealt with in this approach.

At high momentum transfer (Q > 5 fm~!), the deuteron is probed at smaller
internucleon distances and the quark substructure should manifest itself in the

deuteron observables. Quark configurations are incorporated in several hybrid quark-



hadron models with a quark confinement radius taken as a free parameter. Some of
them give predictions similar to those of the IA model while others have completely
different results for the high four-momentum transfer region. Within these models,
the form factors seem to be very sensitive both to the 6q configurations being used
and to the dynamical connection between the 6g and NN configurations.

In Skyrme models, baryons are soliton solutions (Skyrmions) of a Lagrangian
constructed on a SU(2) field. The isoscalar electromagnetic current operator is
proportional to the anomalous baryon current operator which depends on the fields
of the Lagrangian but not on their interaction. The current operator for the deuteron
can be expressed as a sum of the isoscalar current operator of single nucleons and an
irreducible two-body exchange operator. This exchange current has been formally
identified [29] with the conventional pxy MEC. Nyman and Riska {30] predicted the
deuteron electromagnetic form factors with a Skyrme model, using a deuteron wave
function generated from the Paris NN potential. Their results give a steeper slope
to ts0 than most other models (see figure 1). Such a behavior will be tested in the
experiment proposed here.

At sufficiently large momentum transfer, PQCD is expected to become applica-
ble. Brodsky and collaborators studied the high-@ behaviour of the eleciromagnetic
form factors of nucleons and of the deuteron within the framework of PQCD. They
derived the quark counting rule which predicts, for the deuteron, \/A(Q) « Q~*°
as @ — oo. Carlson and Gross [31] showed that, though classical nuclear physics
may lead to the same power law, spin observables could provide the distinctive sig-
nature that f,q approaches the constant value of —1/2 at large Q. Carlson [32] later
suggested that this asymptotic behaviour could be matched to the low momentum
transfer limit by the adhoc construction: G¢ = (1/M}Qq4 + 37)Gq. Brodksy and
Hiller [33] reexamined the asymptotic behaviour of the deuteron form factors, claim-
ing that the relevant momentum transfer scale is @ > /2MyAqcp ~ 4.5 fm™! (with
Agcp ~ 200 MeV), much Jower than the scale usually given by n > 1. A test of
the applicability of PQCD to the description of the charge form factors will then be
to determine whether i, flattens out to near zero above 5 fm~!. Most other models
predict that ¢y will reach its absolute maximum around 6 or 7 fm~! , while the
Brodksy and Hiller prediction is that this occurs at @ = 13.4 fm™!. This approach
was recently improved by Kobushkin and Syamtomov [34] who predict #;; of the

order of —0.25 in the range of our proposed measurements.



4 The Experiment

The goal of this experiment is to extend the measurements of £3 to higher values
of @ (4.0 < @ < 6.2 fm™!) with good precision. Additional data with more modest
precision will be obtained at @ = 6.8 fm™!. The preceding section illustrates that
such data are needed to test the validity of various theoretical models and to help
discriminate between different physical descriptions of the two-nucleon system. It is
also important to add points with improved precision to better determine the node
of G¢ and to check the present discrepancy between the Bates and the Novosibirsk
data [12].

A schematic of the general experimental setup is shown in figure 2. The exper-
iment will require two spectrometers triggered in coincidence for the simultaneous
detection of the scattered electron and recoiling deuteron. The polarization of the
recoil deuterons will be measured in the polarimeter POLDER, in which the two
outgoing protons from the p(d, 2p)n reaction are detected. The range of operation of
this new polarimeter (deuteron kinetic energies of 175—500 MeV) allows one to per-
form measurements in the range of four-momentum transfer Q from 4.0 — 6.8 fm™!
(see Eq. 2.1).

Because this is a double scattering experiment and the e-d cross sections are
small (of the order of 0.01 nb/sr), a thick liquid deuterium target, large acceptances
for the electron and deuteron spectrometers, and a high efficiency for the deuteron
polarimeter are required to obtain good statistical accuracy in a reasonable amount
of beam time. We propose to use a 12 c¢m long liquid deuterium target with 100 pzA
of beam; therefore a high power cryogenic system (400 W) will be needed for the
target. The details of the target system will be discussed in detail in section 4.4.

This experiment could be performed either in Hall A or C, using either the HRS or
the HMS spectrometer for the detection of the electron. ¥or the deuteron magnetic
channel, none of the existing spectrometers at CEBAF is really appropriate. A
very dispersive magnetic channel would lead to a large kinematical mismatch factor
between the electron arm and the deuteron arm, and consequently to a prohibitive
beam time request. Thus we propose to develop a specific device (see section 4.3)
placed at a fixed angle.

Although the requirements on the electron arm are not particularly specialized,
the availability of power supplies, shielding, and cooling water for the deuteron
channel make Hall C the most favorable location at this time. We have therefore

written the proposal assuming the experiment would be run in Hall C.
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4.1 Beam Energy and Intensity

A high beam intensity is required in this experiment. At the lowest energy kine-
matics, limitations in luminosity arise from the rate of background charged particles
reaching the polarimeter. At the highest energy, background rates in the polarime-
ter will be rather modest, but power dissipated by the beam in the LD, target is
a constraint. It appears that a beam intensity of 100 xA can be achieved with a
modest upgrade to the Hall C target, and thus this value was used in making beam
time estimates.

Since the experiment will be performed at a fixed deuteron angle, the beam
energy will be changed for the different values of momentum transfer. The choice
of beam energy has been driven by several factors. For a perfect kinematical match
between the deuteron and electron arms, the counting rate would increase with EZ.
However, as the beam energy increases, several disadvé.ntages arise. Background
rates in both the electron and deuteron arms increase. In addition, the range of
momentum transfer taken in one electron spectrometer setting gets larger as the
electrons come out at more forward angles, leading to a larger energy spread of the
deuterons for a given value of Q. Finally, it becomes increasingly difficult to maintain
the kinematical match between the electron and thé deuteron since the deuteron
scattering cone spreads out. Our choice of deuteron angle was driven primarily by
considering these factors at our highest proposed data point where the counting rates
are smallest. After a careful study of different deuteron channel configurations, we
have chosen 3.2 GeV as beam energy for @ = 6.2 fm~'. This corresponds to a fixed
deuteron scattering angle of 60.5°.

4.2 Detection of the Electron

Elastically scattered electrons in the range of 1-4 GeV/c will be detected in the
HMS spectrometer. The time and energy information of the scattered electrons will
be used in conjunction with the deuteron detection system to allow the rejection of
background charged particles reaching the polarimeter. Because the electron and
deuteron are detected in coincidence, the kinematics of the scattering process are
constrained and only modest requirements on particle identification and resolution
are made on the electron detector system. We have assumed a solid angle of 6 msr
with a point-point focus, a target length acceptance of +5cm (at 90°) 2 momentum
acceptance of 5% and a momentum resolution of 10~° in designing the experiment.

Information from the eleciron arm will also be used to determine the energy

10



spectrum of the scattered deuterons. This distribution allows the interpolation of
the calibration data to obtain the averaged cross sections and analyzing powers used
to perform the polarization measurement. The electron arm information (angle,
energy of the scaitered electrons) have been simulated with a Monte Carlo code
taking into account multiple scattering and Bremsstralhung in the LD, target. The
result was that this information permits the reconstruction of the energy spectrum
of the deuteron with good precision (= 2 MeV at Ty = 200 MeV and 4 MeV at
Ty = 400 MeV).

The deuteron detection angle is fixed, so the electron spectrometer will be rotated
to match the 2 body kinematics of the D(e, €’ d ) reaction. The required angles are in
the range of 20-37°. The distance from the target to the first quadrupole of the HMS
is continuously adjustable. Therefore in actual running this distance can be selected
to maximize the product of solid angle, target length acceptance, and overlap with

the deuteron channel acceptance at all electron angle settings.

4.3 The Deuteron Transport Channel
4.3.1 Deuteron Channel Design

For the deuteron arm, we propose to build and install a specially designed magnetic
channel, the purpose of which is both to focus the maximum number of deuterons
onto the polarimeter target, and to protect the polarimeter from a direct view of
the target, thereby reducing the background in the polarimeter to only high energy
protons.

The latter of these two requirements is straightforwardly satisfied by incorporat-
ing a magnetic bend into the channel. The issue of background in the polarimeter
is addressed in more detail in section 6. The main design considerations of the
channel are driven by the first requirement. The experimental counting rate will
be determined by the e-d cross section multiplied by a factor f which is the accep-
tance overlap between the electron and deuteron arms. To first order in . and @4
(the angles of elevation from the horizontal plane), the factor f is deduced from the

acceptances of both arms and from the kinematic relations:

déy sin 2604

d6. ~  2siné. (4.1)
dpqs  sinby
dp.  siné, (4:2)

11



.= 1dpa _ 2E"?sin’ 4,
~ pa dby BaMypqsin 26,

For a fixed Q?, the beam energy can be varied to maximize the product f (do/d€l.).

(4.3)

The cross section increases somewhat faster than EZ, while f, within a certain range,
decreases like 1/E.. This is due mostly to the fact (dwq/di.) increases very rapidly
with the energy, so at higher energies it becomes increasingly difficult to accept all
of wq.

From these considerations alone, it would still be most favorable to use the highest
possible beam energy for the highest kinematics setting. However, the energy spread
of the deuterons incident upon the polarimeter should not exceed +35 MeV. Indeed
an interpolation of the calibration data and an integration of the deuteron energy
spectra are necessary in the extraction of ¢y and should not be performed over too
large energy domain. The binning in @ should also be limited to a reasonable value
compatible with the expected variation of ¢0 (£0.3 fm=' for the largest point).
These requirements, plus the additional increase in x and (df4/df.) with energy and
the increasing contribution of second order effects in the deuteron optics, place a
limit to the beam energy of 3.2 GeV at Q@ = 6.2 fm™'.

The proposal to PAC 6 used a beam energy of 2.2 GeV at the maximum kinemat-
ics. Since that time, we have studied various schemes to improve upen the previous
design, keeping in mind the above considerations. A perfect match (f = 1) with the
electron arm at 3.2 GeV, 6.2 fm~! would require an acceptance Afg = £23.5 mrad,
Apy = +179 mrad, and Apy/ps = £5 % (with the 12 cm target length acceptance).
We tried solutions with the largest available (warm) magnets at DESY, BNL, SLAC
and Saturne. The solutions requiring f = 1 were impractical either from the point
of view of set-up (in particular the first quadrupole Q1 near the target) or of avail-
able power supplies (none of the available power supplies at CEBAF would have
been sufficient). We then investigated whether it was more beneficial to reduce the
target length or cut in the azimuthal angles and concluded that a reduction in pq
was preferable.

Our proposed design (see figure 2) is now a QQsQD transport channel (the
S subscript means that this quadrupole will be equipped with additional coils for
sextupolar corrections). The first quadrupole Q1 is brought as close as possible to the
target (this will require a new vacuum chamber) and must focus vertically because
of the large spread in 4. Because of the target length and the vertically focusing
Q1, the horizontal envelope then blows up, requiring Q25 to have a rectangular

aperture. Adding a third quadrupole results in a more symmetric distribution of

12



deuterons on the polarimeter target. The dipole is standard and provides a 25°
bend. The direction of the bend and the tune of the quadrupoles are chosen so as
to compensate to first order for the kinematical variation of momentum with angle:
(z|6) + x(x|6) = 0. In the vertical direction, we imposed point to point focusing from
the primary target to the polarimeter target ({y|¢) = 0). An adjustment around
this first order tuning is necessary since second order effects are sizeable. Using
again the kinematical correlation, small sextupolar fields are introduced to realize
the condition (z|88) + s(z|6?) = 0 (see figure 3). Higher order effects were found
negligible by comparing second order and raytrace (in ideal fields) calculations.

In this design, the vertical angle acceptance is +130 mrad, and the # and §
acceptance overlaps completely with the HMS acceptance. The resulting mismatch
factor f ranges from 0.92 at Q@ =4 fm™! to 0.62 at @ = 6.2 fm™'.

The characteristics of the channel are the following (the fields and gradients are
given for 400 MeV deuterons, corresponding to @ = 6.2 fm™? ):

1. Quad Q1: 10Q36 (available at CEBAF). Ls; = 96.5 cm, Grad = 8.22 T/m.

2. Quad Q2: rectangular aperture quadrupole (£ 35 cm in horizontal, &+ 7 cm
in vertical); a magnetic design is currently underway at Saturne (see figure 4),
and will be finalized upon approval of the experiment; L.;y = 100.6 cm,
Grad = 3.88 T/m. Additional coils will provide a small sextupolar field.

3. Quad Q3: 10Q36 (available at CEBAF). L.s; = 96.5 cm, Grad = 3.47 T/m.

4. Dipole: L.y; =126 cm, B = 1.79 T, gap = 15 cm. We have located a dipole,

which exceeds these specifications and with its power supply, at Bates.

Even though the optimization of the deuteron channel optics were performed
for the @ = 6.2 fm~! kinematics, POLDER has reasonable analyzing power up
to deuteron energies of 500 MeV (corresponding to a momentum transfer of @ =
6.8 fm~!). Thus an additional measurement is feasible even though the mismatch
factor f would decrease to f = 0.42. The optimization of the deuteron channel at
6.8 fm~? would have led to unrealistic requirements on the magnets. Nonetheless,
in ten days of running at a beam energy of 4 GeV, it would be possible to make a
measurement with more modest statistics at this point. We have therefore included

such a measurement in the overall beam request.
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4.3.2 Required Infrastructure

The magnetic elements of the deuteron channel will be provided either by the
collaboration or already exist at CEBAF. However, a certain level of infrastructure
will need to be provided by CEBAF in order to mount the deuteron channel on
the floor of the experiment hall. Mechanical support and alignment fixtures for all
magnets will be provided by the French part of the collaboration. Below is a list of
the major items requested from CEBAF by the collaboration:

1. Power supplies: All magnets, except the dipole, can be powered by the existing
power supplies normally assigned to the SOS spectrometer. The dipole power
supply (Bates) has to be installed in Hall C with its cables and controls.

2. Electrical power: Total of about 580 kW (at 6.2 fm™! ).

3. Cooling water: Available from Hall C (SOS)

4. Construction of a new, smaller vacuum chamber (see the section on the LD,

target).

5. Ordinary concrete as a base support for the whole channel (about 90 m?®) and

concrete for the shielding hut surrounding the polarimeter (about 30 m?).

6. Helium bag: Vacuum chamber walls in the magnetic elements would degrade
the transmission of deuterons by at least 15%. We have therefore chosen to
use helium bags through the channel. Multiple scattering from the required
8 m long helium bag would be comparable to that in the LD, target.

4.3.3 Simulations

Monte Carlo simulations of the deuteron channel are underway to evaluate several
issues. A first order estimate of the mismatch factor, f, was generated by simulating
the e-d cross section, accounting for beam size, energy loss in the target, electron
acceptance and estimate of the deuteron phase space acceptance using first order
matrix elements. The mismatch factors used for the beam time request were then es-
timated by raytracing correlated (84 = x84) trajectories through the channel, taking
into account the finite aperture of the magnets, using the code ZGOUBI developed
at Saclay. They are 10—15% smaller than the first order estimate. Another simula-
tion is underway, in order to account for multiple scattering and nuclear reactions
within materials on the deuteron path (code REVMOC, developed at TRIUMF).
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Figure 5 illustrates the variation of f(do/d(),) with beam energy, for fixed values
of Q. The initial rise is due to the Mott cross section (with f = 1), then f decreases
because the deuteron channel acceptance is no longer able to match the electron solid
angle. The leveling to a constant value is due to the requirements that the range
of Q covered in one setting of the electron spectrometer be reasonable and, for the
highest @ points only, that the maximum deuteron energy spread at the polarimeter
not exceed +35 MeV.

In addition to simulation of the acceptance for deuterons, the transmission of
background protons was simulated using the first order transport mairix elements.

This point will be discussed in more detail in section 6.

4.4 The LD; Target

With a beam intensity of 100 pA, the availability of a high power LD, target 15
crucial for this experiment. With a 12 cm target cell, approximately 400 watts of
beam power will be deposited in the target. The “standard” Hall C cryogenic system
is designed to run at a maximum power deposition of only 200 watts, which will not
be adequate for this experiment. However, we plan to upgrade the target by a factor
of 2 with some relatively straightforward modifications. It is currently thought that
the limitation in target power capacity will most likely be due to the circulating
fans in the target loop, which presently are commercial fans, readily available but
not necessarily optimized for maximum throughput. In addition, the design value
of 200 watts assumes 50% efficiency of the fans, whereas the true efficiency has not
yet been measured. Studies are currently underway at CEBAF to determine the
actual performance of the fans. If either improvement in the fan design or a totally
new target design is required, the collaboration is prepared to provide a specialized
target for the experiment. Another important feature regarding cryogenic power is
that this experiment does not depend on absolute cross section measurements of the
primary e-d scattering. Thus one can accomodate small local changes (< 10%) in
density of the LD, target, which simplifies greatly the issue of cooling. Finally the
beam on target will also be rastered in order to help avoid local boiling.

We have estimated the rates of both deuteron and proton background coming
from the aluminum windows, which represent a small fraction of the total target
thickness. The results show that these contributions are small compared to the
rates induced in the LD, and thus the target will not be collimated on either the
deuteron or electron side. The overall useful target length will be about 10 cm. In
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order to attain the high degree of kinematical matching, a small scattering chamber
will be required. This has been discussed with the Hall C staff and appears to be
feasible if only a single recirculation loop is used in the target system.

5 Polarization Measurement

One key element of the experiment is the polarimeter which measures the polar-
ization of the recoiling deuteron.

A polarimeter requires a nuclear reaction to have both large analyzing powers
and cross sections in order to yield measurable asymmetries with respect to the
incident particle polarizations. The cross section for such a reaction depends upon

the incident polarization through [35] :
0'(9) ¢) = 0o (9) [1 + t20 TZO + 2(“11 iTll =+ t21 Tzl) COS¢ 4+ 2t22 T22 C032¢] (51)

where T}, are the analyzing powers of the reaction, tx; the polarization coefficients
of the particles and oy the cross section for unpolarized incident deuterons. Here ¢
is the angle between the normals to the polarimeter reaction and the e-d scattering
planes.

Unpolarized cross sections and analyzing powers (oo and Ty, ) have first to be
measured in calibration runs with beams of known polarization. With them, the
polarimeter can then be used to deduce the polarization of incident particles from
experimental asymmetries.

Polarimeters are characterized by a so-called figure of merit given by

(Fu)’ = [ (Tw)’ €() d0 (5:2)

where ¢ is the ratio of the number of reactions to the number of incident parti-
cles ( Nincident) and Tk, the analyzing powers of the reaction. These quantities are
integrated over the phase space covered by the polarimeter. The figure of merit
allows one to compare different competing type of apparatus because it governs the

statistical error made in a polarization measurement through the following relation

1 -1
Atkq = T (qu\/ Ns'ncz'dent) (5'3)
2 — b0

From this, one sees that the larger the figure of merit, the smaller the error for a

given number of incident particles (and thus of beam time).
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5.1 The POLDER Polarimeter

POLDER is based on the 1H(¢f ,2p)n reaction as proposed by Bugg and Wilkin
(36]. At 200 MeV the measured figures of merit (Fy and Fj;) in the *H(d ,2p)n [37]
reaction were found to be comparable to those of the 'H(d ,p)X reaction used in the
AHEAD polarimeter [11]. However the crucial feature of the 'H(d,2p)n reaction is
that its figures of merit remain large up to at least 500 MeV [37] whereas those of the
‘H(J ,p)X reaction fall quickly above 200 MeV [38]. The figure of merit Fy; for the
vector analyzing power is zero for this reaction. Also the IH(d.' ,2p)n reaction is well
understood in terms of the impulse approximation {39], and theoretical predictions
can thus be used for numerical simulations.

The experimental setup is shown in figure 6. The directions and impact points of
incident deuterons on the target are measured with good precision by two multiwire
proportional chambers (MWPC1/2) placed upstream of the target. New chambers
with 3 wire planes each have been developed for CEBAF and should provide ~ 100%
efficiency per chamber. They are also capable of detecting multi-hit events with good
precision, thus permitting the rejection of events with two charged incident particles.
At CEBATF this will be used to reject the proton background remaining after the
deuteron channel.

The measurement of the number of deuterons incident on the target, necessary for
cross section normalization, is determined by a coincidence in two detectors (S1 and
$2) composed of thin fast plastic scintillators optically coupled to two phototubes.
The coincidence signal from these two detectors is part of the hardware trigger and
is also used as the start signal for the time-of-flight measurement of the protons pro-
duced in the reaction. The total dead time of the experiment vetoes this coincidence
and so exactly the same correction is applied to the measured number of reactions
and incident deuterons. The information provided by the electron spectrometer in
coincidence with POLDER will ensure the the rejection of the background particles
reaching POLDER. Finally, the analog signal of the start detector will be recorded
to permit additional discrimination between deuterons and background protons of
the same momentum.

The 'H(d ,2p)n reaction takes place in a liquid hydrogen (LH,) target of cylin-
drical shape, 16 cm long and 10.2 cm in diameter. The target cell is made of 170 pm
thick mylar with an entrance window of 120 um thick kapton. It is mounted in a
vacuum chamber with entrance and exit windows made of titanium 50 and 100 gm

thick, respectively. The target is operated at a temperature of 19 K, controlled by a
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monitoring system, with a 10 W cryogenic system. Changes are anticipated in order
to comply with the US safety regulations for enclosed liquid target operation as well
as an increase of the target cell dimensions (to reach 14 cm in diameter and 20 cm
in length).

The protons created in the 'H(d,2p)n reaction are detected in two hodoscopes
placed after the target, as shown in figure 6. The solid angles covered by these
hodoscopes permit the detection of protons with good efficiency from the IH(J ,2pn
reaction in the range of momentum transfer to the neutron (¢) where most of the
cross section of the ‘H(a? ,2p)n reaction is located. The hodoscopes consist of two
planes providing X and Y information. The scintillator thicknesses (0.2 cm and
1 cm for the first and second hodoscopes) are small in order to reduce the (d,2p)
reaction rate in the detectors. Dead areas have been minimized and the detection
efficiency for (d,2p) events is about 90%. The plastic bars are optically coupled
to a phototube at only one extremity. The information on the numbers of the
bars fired in the two hodoscopes permits one to determine the directions of the
protons. To achieve this, the first hodoscope is rotated by 45°. At our energies, the
characteristics and kinematics of the 'H(d,2p)n reaction allow one to discriminate
charge exchange events from other parasitic reactions by the simple condition that
two charged particles are detected at velocities close to those of the incident beam.
As the thin plastic scintillators making up POLDER are mostly sensitive to charged
particles, no particle identification is necessary. The velocity of the detected particles
is obtained by a time of flight measurement and energy measurements are therefore
not necessary. These features greatly simplify the operation of the apparatus. In
addition, since only logic signals are used in the (d, 2p) cross section determination,
the calibration should be preserved in transporting the polarimeter from Saturne to
CEBAF.

Finally, a veto detector is placed on the beam axis. This detector is composed of
an absorber which stops the protons of interest and of a plastic scintillator coupled
to two phototubes which detects the deuterons and background protons reaching the
polarimeter. This veto detector allows one to reject background events associated
with the detection of at least one incident deuteron or one fast proton.

The mechanical positioning for all the elements of the setup is made with good
accuracy. In particular, the relative distances of these elements will be retained when
transporting POLDER from one location to another An off-line procedure, which
is based on data from the two MWPC’s upstream of the target and a third after
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the second hodoscope, is also used to determine precisely the relative alignment of
the MWPC and hodoscopes. This alignment uncertainty mostly influences the ¢,
determination, and leads to a systematic error of less than 0.03 for this quantity.
The connection of the electronics of POLDER to the electron arm detectors is
under study. The expected acquisition rate (a few events per second) can be handled
easily. An Ethernet link may be used to send data to a dedicated workstation
for on-line control and sophisticated event selection. During the calibration runs,

preliminary deuteron polarizations were obtained in a few days using this procedure.

5.2 Calibration of the Polarimeter

The polarimeter was calibrated in 1992 and 1993 for incident deuteron energies
ranging between 175 and 500 MeV [10]. Additional cross section measurements will
be performed at Saturne in 1995 to have calibration data points every 25 MeV (in-
stead of 50 MeV for the time being) and also to check the changes induced by having
longer (20 cm instead of 16 cm) LH, target for the polarimeter. Since POLDER can
be easily transported and mounted, cross check calibration runs could be performed
(at IUCF for example) after the ¢;o measurement if necessary.

The calibration experiments were performed using the polarized deuteron beams
delivered by the Saturne synchrotron which can provide deuterons of known vector
and tensor polarization (with a 2—3% accuracy [40]). POLDER was installed in the
focal plane of the spectrometer SPES1. In order to measure the T;, analyzing power,
a superconducting solenoid was used to in conjunction with the SPES1 spectrom-
eter acting as a dipole magnet. For comsistency checks, some measurements were

performed both with and without the solenoid.

5.2.1 Data Handling and Background Rejection

The selection of the pp pairs originating from the IH(J ,2p)n reaction is performed
using a limited number of gates. Background events, which reduce the polarization
signal and contribute to the cross section in a non-reproducible way, are rejected in
the data analysis using cuts on the time-of-flight information of the detected particles
and from the information provided by the wire chambers and the veto detector.

Accurate time-of-flight data (< 1 ns FWHM) are obtained after corrections for
the transit time of light in the bars. As the two protons created in the 1H(cf,pr)n
reaction have very similar velocities, another gate can be set on the difference in

their corrected times of flight.
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The two wire chambers placed upstream of the target detect the incident particles
and measure their direction. This information is also obtained for multi-hit events
and, based on simple multiplicity criteria, events with more than one incident particle
can be rejected. This was necessary during the calibration run as events with two
deuterons simulated the (d, 2p) reaction with two charged particles in the hodoscope.

The direction of the two protons is fixed by the number of the bars which fire
in the two hodoscope. From these and the MWPC information one can determine
the direction of the center-of-mass of the pp pair and thus its polar angle § (closely
related to the momentum transfer ¢ to the neutron) as well as its azimuthal angle
¢. Since large tensor signals are only found for small excitation energies of the pp
pair (E; < 8 MeV) (37], this quantity is derived from our data by using the relative
angles of the two protons. The calculated E. differs slightly (~1 MeV) from the
exact one, but it provides very stable cross section values when cuts are applied.

Using the directions of the incident deuteron and those of the two protons, the
vertex of the reaction is reconstructed by a fitting procedure. This permits us to
cleanly discriminate between events originating from the target and those created
elsewhere (mostly the plastic bars of the first hodoscope). Typical precision of a few
centimeters for the z coordinate, and a few millimeters for z and y, are obtained.

Calibration data treated in this fashion were compared with the resuits of a
simulation program which uses impulse approximation predictions [39] filtered by
the same experimental cuts. Figure 7 shows the excellent agreement between data
measured at (T; = 300 MeV) and the simulation, for key quantities of our experiment
(the excitation energy of the pp pair F;, the momentum transfer ¢, the z component
of the vertex and the difference of time of flight). Since the theory has been previously
checked with a different detector [37], this result gives us confidence in the data
handling and background rejection.

5.2.2 Analyzing Power and Cross Section Determination

Counting rates for the ‘H(rf ,2p)n reaction events, binned in g and ¢, are measured
for different beam polarizations and combined, for the same number of deuterons, to
construct vector and tensor asymmetries. The sum of these normalized yields pro-
vides the counting rate for an unpolarized beam. The analyzing powers (T%,), which
are related to the asymmetries, are determined using a x> minimization procedure.

For our tqg experiment, absolute values of the unpolarized cross sections must be

very well known and thus many different experimental conditions have been tested.
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In particular, the dependence on the beam intensity and direction was examined.
The unpolarized cross section deduced from these measurements in different runs,
after all off-line cuts, were stable and mutually compatible within statistical errors
as illustrated in figure 8. Systematic errors were estimated to be less than 0.5% for
the unpolarized cross section in our setup and data treatment.

The results obtained at 73 = 200 and 400 MeV for a cut of 5 MeV on E; are
shown in figure 9. The statistical errors and the uncertainties due to the beam polar-
ization measurement (estimated to be less than 3%) are included. The experimental
cross sections have not been corrected for geometrical detection efficiencies in the
hodoscopes; the rapid fall above 250 MeV /c indicates an increasing effect occurring
in POLDER at large detection angles. In figure 9, the tensor signals exhibit a very
smooth dependence with g and typical statistical errors of better than 5% were ob-
tained at 120 MeV/c. The vector analyzing power (317,) is consistent with zero as
expected in the impulse approximation model. The T3; values are somewhat larger
than expected. The cross sections become higher as the beam energy decreases,
leading to larger figures of merit. A calibration data set is now measured between
175 and 500 MeV.

The integrated figures of merit are shown for all tensor signals and for four beam
energies in figure 10. These figures of merit Fy, are displayed as a function of the

upper cut in E; set on the data.

5.3 Deuteron Polarization Measurements

Knowing the unpolarized cross section and analyzing powers (T, ) of the ‘H((f ,2p)n
reaction from calibration runs, the asymmetries in counting rates allow one to de-
termine the incident particle polarization tensors. The experimental asymmetries

measured in POLDER are given by:

N(q,¢) = kNo(g)(1 + 2ity1 iT11(g)cosd + a0 T2o(q)
+2 g To(q)cosd + 2 t22T52(gq)cos24) (5.4)

A x? minimization procedure is used to calculate the polarization tensors of the
deuterons (Zx;) from the ¢ (8), and ¢ dependence of this cross section. All geometrical
and detection efficiencies are in principle contained in the unpolarized cross section
measured during the calibration run, but an overall normalizing factor & may be

needed. However, the strong correlation between the values of the cross section and
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t20, leads to large systematic errors if k is left completely free:
Atgo RS mreee——— (5.5)

This is far less important for ¢,, and to;, which are defined mainly by their ¢ de-
pendence. The calibration runs have shown that the unpolarized cross section mea-
surement can be controlled at a level better than 1%, allowing one to fix k to within
1 % in the fitting procedure. With the average Ty at ~ 0.2, the typical systematic
errors are about 0.05 and will be added to the statistical error of the polarization
measurement.

Data recorded during the calibration run has been analyzed following the proce-
dure described above to check the ability of POLDER to be operated in polarimeter
mode. Errors associated with the recorded statistics were studied during the cal-
ibration and polarization measurement runs, and with the fitting procedure. The
polarizations extracted from the fitting procedure were compared with those mea-
sured after the deuteron source at low energy by the means of a polarimeter The
beam polarization measured at low energy is given with its associated statistical
error. All three tensor polarization (ts0, f21, t22), results agreed within the error
bars as shown in table 5.1. The polarizations measured with POLDER for three
different statistics are given with their different errors. The first errors in the table
are associated with the statistics recorded during the calibration run. The second
error is the statistical error of the polarization measurement and given by relation
5.5. The third errors in table 5.1 are systematic, and depend on the polarization
tensor involved. For ¢y the error is linked to the correlation between k and 2,5, for
t;; and t3; it is associated with the alignment uncertainty. The systematic errors

tend to increase when < 10° incident deuterons are used.
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Table 5.1
Beam polarization measured at Ty=400 MeV with POLDER (see text). The

calibration runs have been performed with 10° incident deuterons.

Polarization || Polarization measured | Number of Polarization measured
tensors at low energy deuterons with POLDER
4 x 107 0.24 £+ 0.025 + 0.025 % 0.05
tan 0.24 4+ 0.008 5 x 108 0.28 4+ 0.025 £ 0.07 & 0.05

5 x 10° 0.33 & 0.025 £ 0.22 X 0.05

4 x 167 -0.18 + 0.02 & 0.03 & 0.03
ta1 -0.22 + 0.008 5 x 10° -0.17 & 0.02 £ 0.08 + 0.03
5 x 10° -0.27 4+ 0.02 £ 0.25 + 0.03

4 x 107 |-0.39 £ 0.015 + 0.015 + 0.02
t22 -0.355 + 0.015 5 x 108 -0.35 = 0.015 £ 0.04 + 0.02
5 x 10° -0.23 £+ 0.015 £ 0.13 £ 0.02

POLDER was also used to measure signatures of isoscalar spin-flip transitions
in A(cf,tf’)A"‘ scattering [10]. This is a very meaningful test of the polarimeter as
the experiment was performed under severe background conditions (rates larger than
10% s~ in the hodoscopes with 40% duty cycle). The ratio of recorded background to
charge exchange events ranged from 6:1 to 30:1 and no veto detector was available.
Even in these conditions, which are worse than those expected at CEBAF, the
results obtained are in good agreement with expected theoretical (elastic scattering)
or previously measured (inelastic) values. In particular for elastic scattering on *°Ca,
the results agreed with time reversal invariance. Finally, null combinations testing

some systematic errors in the polarization measurement were found to be zero at

the 1 % level.

6 Estimate of Background Rates

Background particles which could complicate the extraction of deuteron polar-
ization fall into two categories. Low energy background which is removed by the
magnetic channel could penetrate the concrete shielding surrounding the polarimeter
and cause spurious triggers. Charged particle backgrounds of this type are predom-
inantly generated by high energy neutrons and are discussed in more detail below.
With an adequate shielding, the neutron fluxes can be kept to a reasonable level and
they will not likely generate events which could simulate an e-d coincidence followed

by two protons.
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6.1 Particles Passing through the Polarimeter Shielding

The most complete study of background versus shielding for CEBAF experimental
areas had been carried out for the Hall A spectrometers. Extensive evaluations of
different contributions to the background counting rate were presented in two tech-
nical notes {41, 42], and are summarized here since they will represent a reasonable
estimate for backgrounds in Hall C. As soon as beam becomes available in Hall C,
it will be useful to make some simple measurements to check the results of these
calculations.

The first consideration is background originating from direct line of sight of the
target. The report used luminosity conditions of 200 zA of a 4 GeV beam on 15 cm
of *He (0.17 g/cm?) [41], into a detector placed at 12° from the beam line. The pion
spectrum was calculated using the code EPRODT?2 and includes electroproduction
and bremsstrahlung induced photoproduction. Protons and neutrons produced by
electroproduction were simulated with the code EPC of O’Connell and Lightbody
[43]. The code FLUKA was used to generate the secondary particle flux created by
interaction with the different shielding materials for the detector hut and between
the target and the detector hut. Only high energy neutrons were studied in this
part of the simulation; neutrons below 50 MeV were considered separately. With
140 cm of iron shielding, the particle flux in a 1 m? area at the polarimeter detector
was estimated to be about 1—2 kHz. This estimate is quite conservative for our
purposes because of the increased luminosity and small scattering angle considered
here relative to our experimental configuration.

The second contribution to background which has been considered comes from
low energy neutrons. The calculations were done for E, < 20 MeV, for the Hall
A detector hut [41]. The estimate is based on calculated neutron spectra with a
transport to a detector inside a shielding hut. The neutron rate in the room was
estimated from energy loss in the primary target (8 Watts), the 26 m long He
bag (¢ W), the multiple scattering in the beam dump pipe (11 W) and the beam
dump backshine (11 W). The total 34 Watts were converted to a neutron flux,
4.4 x 10'° n/sec, using an empirical result from SLAC for electrons on aluminium.
The shape of the neutron spectrum was assumed to have two components: a ‘direct’
spectrum from the interaction points which are in direct view of the shielding, and an
evaporative part. The monte carlo code MCNP from LAMPF was used to simulate
transport of the neutrons through the shielding. Neutron fluxes inside the hut were

then estimated for different wall thicknesses. With 1 m of ordinary concrete, the
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neutron flux was about 4x10*/s/m~2. Ounly a small fraction of these would actually
interact in the polarimeter hodoscopes. In conclusion, the rates from neutron room
background can be kept small with a reasonable shielding configuration of available

concrete blocks.

6.2 Charged Particles in the Deuteron Channel

A more serious source of background for the polarimeter is charged particles
which have the same momentum as the deuterons and come directly through the
magnetic channel. Because of the constrained elastic kinematics and the relatively
high deuteron momentum it is kinematically not possible to generate charged parti-
cles (e.g., 7t or p) of the same momentum as the deuterons from nucleon resonance
processes, even at the edges of the channel acceptance. Thus the dominant source
of high energy background comes from protons from deuteron photodisintegration.
This process has been modeled using d(v,p)n cross sections {43, 44, 45|, folded
with an effective virtual photon spectrum given by Wright and Tiator [46] 2. The
spectrum of incident protons was then transported through the deuteron channel.
Figure 11 shows momentum and horizontal position spectra of protons incident on
the polarimeter target at the lowest and highest proposed kinematics. Singles rates
were calculated by integrating these spectra over the deuteron channel acceptance,
and assuming a 100 pA beam incident on a 10 cm LD, target. The rates for each
data point are listed in table 6.1. They are significant only at the lowest energy
data points, and the rates will be roughly evenly distributed about the polarime-
ter elements upstream of the LH, target. It appears that they will be sufficiently
small not to cause unduly high raw trigger rates in either the upstream MWPCs
(< few kHz/wire) or the polarimeter scintillators. The requirement of an electron
in coincidence will reduce the accidental coincidence triggers to a low level.

If the raw singles rates were to be significantly higher than expected at the lowest
beam energies, the beam current at these two data points could easily be reduced
with only a small increase in total running time because the elastic e-d rate is also
high at these kinematics.

The design of the deuteron channel is such that the acceptance in momentum
and scattering angle is somewhat larger than required by the electron arm. Thus the
channel acceptance for single protons is higher than for coincident deuterons. The

rates in table 6.1 assume no collimation in scattering angle.

2A modified version of the (e, N} code of Lightbody and O’Connell was used to estimate rates.

25



400 T T T 250 T T T
1.3 GeV 3.2 GeV
200 F 1
300 -
150 F -
200 r m
100 + -
100 + -
50 -
0 ! [ | ] 0 1 ] ]
-20 —-10 g 10 20 -20 -10 0 10 20
ép/p (%) sp/p (%)
300 T T T 1 T T T 300 T T T T 1 T ]
250 1 250 -
200 f 4 200 F .
150 “ 150 -
100 - 100 -
50 + 4 50t .
0 t 1 1 1 | 1 ! 0 | ! 1 | | 1 |
-8 - -2 0 2 4 6 -6 - -2 0 2 4 6
x at 1H, tgt (cm) x at 1H, tgt (cm)
300 T 7 T 2560 T T T
250 - 1 200} .
200 1
150 | -
180 -
100 i
100 -
50 i 50 -
0 | ! | O 1 | ! .
—100 —-50 0 50 100 -100 -50 0 50 100
xprime at 1H, tgt (mrad) xprime at 1H, tgt (mrad)

Lonro. LI



Electron singles rates were also estimated, assuming that some inelastically scat-
tered electrons will also trigger the HMS focal plane. Several different models were
used to estimate the number of inelastic events incident on the lower 5% of the focal
plane momentum acceptance. Because there will be no target collimation on the
electron side, a 10 cm target was used to estimate electron singles rates.

The ratio of inelastic to elastic events is 3:1 at the lowest kinematics and 20:1 at
the highest kinematics, leading to raw trigger rates of no more than several hundred
Hz in the worst case. As on the deuteron side, triggers from charged pions are
kinematically forbidden except possibly coming from the target windows, and should
therefore be quite low. The last column in table 6.1 shows the overall estimated
accidental coincidence rate due to electron and proton singles. The random e-d
coincidence rate should be significantly lower.

Once it is determined that the raw proton rates are at a reasonable level, there is
still the question whether these protons can be misidentified as coming from a charge
exchange event in the polarimeter target. This question is addressed in detail in the

next section.

Table 6.1

Estimated singles and accidental coincidence rates due to inelastically scattered elec-
trons and protons in the deuteron channel. The following parameters were assumed:
I. = 100 pA, Length(LD,) = 12 ¢m, 8; = 60.5°, and a time window of 100 ns.
For comparison, the deuteron rate from elastic e-d scattering is also shown (using
a 10 cm useful length for the LD, target and including reduction factors due to

kinematical mismatch and radiative losses).

(Ta (MeV) [ Ez (GeV) [ 0, | Ba (Hz) [ By (Ha) | & Rina/Rel [ Ace. (e,) (H5) |

160 1.31 36.9| 100 | 9 x10° 3 4
200 1.58 34.1 50 5% 10° 4 2
260 2.01 30.5 16 2 x 107 5 0.5
330 2.56 26.9 7 1 % 107 10 0.1
400 3.20 23.6 4 3 x 10° 20 0.04
480 4.0 20.5 | 1.6 1x 10° 20 0.01

6.3 Rejection in POLDER

From the above study of various sources of background, the most important con-

tribution will be protons having the same momentum as the deuterons of interest
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and coming through the deuteron channel. Other contributions were shown to be
small (some 10° /s/m?) when using appropriate shielding (see previous section).
The capability of the polarimeter to identify and reject the events generated by
these background protons is an important issue that we will discuss in this section.
Singles rates in the deuteron and electron arms given in the preceding section
have been used as input to a simulation code generating background events which
are analyzed in the same way as (d, 2p) events. Three classes of parasitic events are

considered in the following:

e pp accidental coincidences: the high flux of protons produces a significant
number of pp coincidences. However a hardware coincidence of 100 nsec with

the electron spectrometer reduces the rates of these events by a factor greater
than 10%.

e dp accidental coincidences: single protons arriving in time with real e-d coinci-
dences will not be rejected, so no reduction factor applies from the coincidence
with the electron spectrometer. This contribution will be the dominant back-

ground rate.

e p coincidence with two protons of the (d,2p) reaction: this type of trigger
doesn’t create an event, but the treatment of the charge-exchange (CE) event
becomes more complicated, because the TDC information of the protons of
interest can be affected and the information associated with the background

proton should be eliminated. These events are expected to be very rare.

There are essentially three different ways to reject the background events dur-
ing the data analysis. First is the time of flight information (TOF) between the
deuteron start detectors and the polarimeter hodoscopes. Figure 12 presents a typ-
ical singles distribution of TOF expected in one central bar of the hodoscope where
the background charged particles are concentrated. A coincidence with the eleciron
spectrometer of 100 nsec is required, so most of the proton-proton events are already
rejected by the electron trigger and will not be recorded. In this spectra the two
detected particles cannot be separated in time by more than 20 ns. The peak at
small TOF values corresponds to a proton associated with another particle (proton
or deuteron) distributed in a 20 nsec window. At larger TOF values, the second
peak corresponds to the two protons coming from the (d,2p) reaction. Its width

originates from the 10% dispersion in the deuteron beam energy, the relative energy
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of the pp pair, and from the resolution of the TOF measurement. The TOF cut is
shown in figure 12b (a similar cut is applied on the first hodoscope). After these
cuts (typically 5 ns wide) approximately 70% of the background events are rejected.

All dp background events are characterized by a multi-hit event (two particles)
in the two front MWPCs. Each MWPC will be composed of three U-V planes
with 1.2 mm wire spacing and rotated by 120°. A typical efficiency of 95% for one
plane leads to an overall efficiency greater than 99% when two planes out of three
are required. In the data treatment we assume that two particles with a relative
distance smaller than 1 c¢cm cannot be discriminated. This is a very conservative
assumption but with the expected beam profile (larger than 2x10 cm? for protons),
a reduction factor of 10 is obtained.

The veto detector placed behind the second hodoscope and after an absorber,
stopping the protons originating from the (d,2p) of interest, detects background
protons and deuterons. The events including such tagged particles can be rejected
off-line. Considering the energy and angular spread of the beam, about 60% of these
events are detected by the veto detector, resulting in another reduction factor of 3
for the background events.

In the last stage of the analysis, made when only CE events are supposedly
remaining, the detection surface of the hodoscope is restricted to a circle in order to
prevent geometrical asymmetries. The data are binned in the relevant kinematical
variables such as ¢?, E, and ¢. In particular, events with a small relative energy can
be selected (a bin of 0-5 MeV has been chosen for the simulations). Finally, most
(90%) of the remaining background events are located in the first bin of ¢, which is
usually not used in the fitting procedure to extract the polarization coefficients.

In figure 13 is shown the percentage of dp background events to charge exchange
events at all stages of the data analysis. As expected, the background event rate
is lower at 400 MeV than at 200 MeV. Calculations have been made with the new
design of the deuteron arm. With the electron arm in coincidence, the only significant
contribution to the background is the deuteron-proton coincidence. The background
contribution is reduced to less than 0.2 % of the charge exchange events in the worst
case (200 MeV deuteron) after the full data analysis. This result is obtained with
loose gates and is conservative. From this simulation, it appears that the off-line
data analysis can easily reject backgrounds due to accidental coincidence events.

POLDER has to measure absolute charge exchange cross sections, which requires

a precise determination of the incident deuteron flux. Random ep coincidences rep-
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resent a contribution of about 3% of the number of incident deuterons at 200 MeV
for a 100 nsec wide coincidence gate. To remove this background, TOF information
between the electron and the proton/deuteron will be recorded (expected FWHM
of 3—5 ns). Cuts in this time spectrum should allow a reduction by a factor larger
than 10. Moreover, the energy deposited in the start scintillators will be useful in
discriminating protons against deuterons after the magnetic channel. Finally the
primary vertex (of the e-d scattering) can be reconstructed from the information in
both spectrometers. Thus e-p coincidences should not contribute to the error in the

determination of the absolute (d,2p) cross section at a level larger than 0.1 %.

7 Beam Time Estimate

In this section we will detail our beam time estimate and associated errors given
in table 7.1.

7.1 Counting Rates

The cross section is calculated using relation (2.4) with a fixed angle of 60.5° for
the deuteron spectrometer. The beam energy and electron angles for each value of
momentum transfer, Q, are calculated from two-body kinematics. A solid angle of
6 msr for the HMS spectrometer was used, with the calculated mismatch factors
to account for the incomplete overlap between the electron and deuteron channel
acceptances.

The values of the structure functions A(Q?) are interpolated from the values of
reference [1] and [47]. At the kinematics of this experiment, there is a discrepancy in
the existing data, and we have chosen the smaller values of A to estimate the counting
rates. It should be noted that in order to separate G¢ and Ggq, the precision of the
measured A(Q?) in this Q range should be improved. There exists an approved
Hall A experiment to measure A(Q?) in the range 5.0 < @ < 12.4 fm™*. B(Q?) can
be neglected at our kinematics.

A beam intensity of 100 pA and a useful target length of 10 cm will yield a
luminosity of 3 x 103 cm~2s7!. The radiative losses have been estimated to be
about 25%. The coincident detection of the deuteron and electron should allow us
to put a wide window on the electron energy spectrum, keeping the loss of events
due to radiative processes to a minimum. The limiting factor is the momentum

acceptance of the electron spectrometer.
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7.2 Statistical Precision

The statistical precision of the 2o measurement is estimated from the polarimeter
figures of merit (figure 12) measured in the calibration procedure. Systematic errors
must be added (estimated to be of the order of 0.05 for t30) as well as the error
linked to the statistics recorded during the calibration runs (0.02 in our case).

Table 7.1

Statistical errors in the measurement of t;. The calculation is performed with a
beam intensity of 100 gA, a target length of 10 cm and a radiative correction factor
of 0.75. The deuteron angle is fixed at 60.5°.

Q Ta Egeam | Betec. | A(Q%) | Time | N deuterons | Fyo || At
(fm™) | MeV) | (GeV) | (°) (days)
4.0 170. 1.31 37 | 3x10™* 1 9.x10° 0.011 || 0.03
4.4 200. 1.58 34 | 2x10™* 2 9.x10° 0.013 || 0.03
5.0 260. 2.01 [ 305 |7x107% 4 5.7x10° 0.011 || 0.04
5.6 330. 2.56 27 | 3x10°° 8 5.x 108 0.009 || 0.05
6.2 400. 3.20 | 23.6 | 2x10°° 9 3.x 108 0.008 || 0.08
6.8 480. 4.0 20.5 10-° 10 1.4x10° 0.006 | 0.14

Several factors have made the numbers in this table different from those in the
previous proposal. The most significant gain comes from going to higher beam en-
ergies and therefore more forward electron angles. The deuteron channel acceptance
has also been increased considerably, even though it could not fully overlap with
the electron channel acceptance for our choice of beam energies. The number of
required beam days is slightly smaller to that of our previous request, but with two
additional points at 4.0 and 6.8 fm~!. For this latter point the mismatch factor f is
small (0.42), but we nevertheless propose this measurement since it is the maximum
Q value reachable in this program. Since there is a significant overhead in setting
up the apparatus we have proposed a program as complete as possible.

With this request, it will be possible to improve significantly the precision of the
points measured at Bates near 4 fm™', and measure new points with good precision
up to 6.8 fm™" (see figure 1). In the original proposal, only one data point in the
Bates range was proposed. In light of new preliminary data from Novosibirsk [12]
which are in disagreement with the Bates data, we added one additional point at the
lowest possible kinematics at which the polarimeter can operate with a good figure
of merit.
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7.3 Beam Time Request and Schedule

A small amount of additional beam time will also be required for tests, background
reduction and counting rates checks. Also time is needed for beam energy changes.
This leads to the following beam time request:

Preparation 144 hours
Physics 816 hours
Contingency 144 hours

1104 hours (46 days)

We should be ready to install the experiment by the end of 1996. Ideally the
schedule for the experiment would be five weeks for installation of the polarimeter
and deuteron channel, one week for preparatory tests, and six weeks for the full set
of measurements.

8 Comparison with Other Experiments

The recoiling deuteron polarization measurement, as proposed here, has so far [9]
been the most efficient way to measure ¢5; and the proposed experiment will improve
significantly on the overall figure of merit of the experiment performed recently at
Bates.

An alternate technique to measure the same quantity is to scatter electrons off
a polarized target. In this case one deals with a single arm scattering and only
the analyzing power (Th) has to be measured. Experiments based on an external
cryogenic polarized target are very limited by the amount of beam this kind of target
can withstand [7]. Even when used with large acceptance detectors, it is presently
not competitive with the polarimeter technique. Another method has been pioneered
at Novosibirsk [4, 5] using an internal target in a storage ring. Target technology is
progressing steadily [6] and new measurements at moderate @ values are currently
underway [12). Using higher energy machines (in order to gain cross section) new
viable experiments at high Q are under discussion[48].

We would like to stress that the combination of CEBAF and POLDER constitute,
at the present time, the most competitive tool for ;0 measurements. However even
if other measurements become feasible in a similar Q range, it is important to get
a data set as large as possible, considering the importance of the physics and the
difficulty in controlling systematic errors in the different techniques.
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Finally this experiment will also provide precise data for two other tensor polar-
ization typ and ¢;;. These data are less sensitive to the details of the models, but
they provide other interesting combinations of the form factors.

9 Collaboration Responsibilities

The technical aspects which dictate the final choice of the Hall have been inves-
tigated. Support of the hall C staff for issues like the cryogenic target, electron
spectrometer and data acquisition will be provided. The responsibilities from within
the collaboration are distributed as follows:

Polarimeter: Grenoble-Saclay-Orsay-Saturne. Final tests and calibration of the
polarimeter. This could involve changes in either the LH; or detection device.
MIT /Bates might be involved in the safety aspects of the target.

Deuteron channel: Saclay—MIT/Bates—Hall C—JUCF-Grenoble. Final design
of the optics and choice of the magnets. Magnets, power supplies and cool-
ing water (Hall C and MIT/Bates). Construction of a new quadrupole and
mechanics for the platform (Saclay—Grenoble)

LD, Target: CEBAF/Hall C—U Maryland—Basel. Upgrade of the existing Hall C

target to a 400 W system. Design and construction of a dedicated scattering
chamber.

Electron spectrometer: CEBAF/Hall C—Rutgers. Electron detection, connec-
tion with POLDER. Reconstruction of deuteron energy from electron arm in-
formation.

Data acquisition: CEBAF/Hall C—Rutgers—Grenoble—Saclay. Interconnection
of the acquisition systems of POLDER and electron spectrometer.

Background estimates: U Maryland—Orsay—Rutgers. Simulations and estimates
of shielding.
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Figure Captions:

10:

11:

12:

13:

: Predictions of various theoretical models for ¢,; as a function of the the mo-

mentum transfer to the deuteron, along with existing data.
Schematic lay-out of the t;p measurement at CEBAF (see text for details).

Trajectories in the deuteron transport channel calculated for deuterons pro-
duced at + 4cm of the center of the primary LD, target.

Schematic view of proposed large rectangular aperture quad, used as Q2 in the
deuteron channel.

: Variation of f(de/df).) with beam energy, for fixed values of Q.

Artist’s view of the POLDER polarimeter (see text for details).

Comparison of the experimental and simulated (see text) g and E, spectra.
Simulation inputs are the impulse approximation model, which has been shown
to describe well the 'H(d ,2p)n reaction [39].

: Total detection efficiency of the POLDER setup for the the 1H(d_' ,2p)n reaction

in the excitation bin 0-5 MeV. The efficiency is shown for different runs of the
calibration measurement at incident energies of 200-500 MeV and performed
under very different experimental conditions. The mean value is drawn as solid
straight lines as well as values at + 1%.

Analyzing powers and unpolarized cross sections measured with the POLDER
polarimeter at 200 and 400 MeV incident deuteron energies. The bin in exci-
tation energy of the pp pair is 0-5 MeV.

Figures of merit extracted from POLDER calibration data, as a function of
beam energy and integrated excitation energy E;.

Single arm distributions of momentum, horizontal position and hoerizontal an-
gle for high energy background protons from LDs,.

Simulation singles TOF spectrum expected in POLDER, based on calculated
background rates. A hardware timing window of 100 ns between the electron

and deuteron arms is assumed, as well as a 20 ns window between deuterons
and the particles detected in the POLDER hodoscopes.

Percentage of background rates to good charge exchange events in POLDER,
as calculated from the simulation, at each stage of data analysis.
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Appendix E E-33
Proposal: PR-93-003, Hall A/C
Spokespersons: S. Kox, E.J. Beise
Title: Measurement of the Deuteron Tensor Polarization at Large Momentum Transfer in D (e, e’c?l)

Motivation:

The primary goal of the proposed experiment is to separate the charge and quadrupole form factors of the
deuteron in the momentum transfer range of 4.4 to 6.2 fm"l. This momentum transfer range is particularly
interesting since the charge form factor goes through zero in this region; and consequently it is very
sensitive to the deuteron wave function, isoscalar meson exchange current and relativistic effects.

Measurement and Feasibility:

The measurement makes use of electron scattering from a high- power (S00W) liquid deuterium target and
a novel polarimeter technique. The Hall C cryotarget must be upgraded from a 250-watt capability to
accommodate this experiment. No target upgrade is necessary if the experiment is scheduled for Hall A.
The polarimeter must be calibrated with tensor polarized deuterons at Satume II. From measurements of
efficiency and analyzing power, it appears that this new polarimeter has the highest figure of merit of any
deuteron tensor polarimeter in the few hundred MeV energy range. However, the in-line geometry, lack of
redundant particle identification, and the requirement of an absolute efficiency measurement in a high-
background environment make this a very difficult experiment. Complete simulations need to be
performed so that the feasibility of the method can be fully assessed.

Issues:

There is clear physics interest in this proposed measurernent. There needs to be an optimization of the
target, deuteron channel and choice of beam energy, plus full simulations of the backgrounds.

A QQD channel will be used to focus deuterons onto the polarimeter. This channel must be matched to
either the HRS (Hall A) or the HMS (Hall C). The PAC was not convinced that the deuteron channel was
optimized for this measurement. For example, the highest electron energy proposed was 2 GeV rather than
4 GeV. If a deuteron channel could be matched to the electron spectrometer for a 4 GeV incident beam, a
factor of 4 improvement in figure of merit could be realized. The proponents should consider a possible
optimization scheme for a 4 GeV beam. Complete background simulations are necessary. Experience with
deuteron tensor polarimeters indicates that the figure of merit can be seriously compromised by
unexpected background rates in various detectors. The collaboration should provide a complete simulation
of possible backgrounds to ensure that the figure of merit of the experiment is achievable.

Manpower:
The collaboration consists of an international collaboration with extensive experience in polarization

measurements and electron scattering experiments.

Recommendation:
Defer

PR-93-003, Hall A/C

CEBAF June 14-18, 1993 Program Advisory Committee Report, Page 45



HAZARD IDENTIFICATION CHECKLIST
Megswvement o festerpa Tentor G, gd

CEBAF Experiment: ‘84 @ blee'T) scatlonuy
Check all items for which there is an anticipated need—do not check items that are part
of the CEBAF standard experiment (HRSE, HRSH, CLAS, HMS, SOS in standard

Date: __fpnl (41334

configurations).

Cryogenics Electrical Equipment Radioactive/Hazardous Materials
beamline magnets cryo/electrical devices | List any radioactive or hazadorous/
analysis magnets capacitor banks toxic materials planned for use:

v target high voltage
drift chambers exposed equipment
other

Pressure Vessels Flammable Gas or Liquids Other Target Materials
inside diameter (incl. target) —__ Beryllium (Be)
operating pressure type: 2Dy — Lithium (Li)
window material flow rate: ——  Mercury (Hg)
window thickness capacity: Hoow — Lead (Pb)

. —  Tungsten (W)
oso Lt Tt dn __ Uranium (U)
fomﬁmﬂ (fedliles) __ Other (list below)

Vacuum Vessels

vb0ewm inside diameter
operating pressure
window material
window thickness

|

Radioactive Sources
permanent installation
temporary use

strength:

Large Mech. Structure/System
lifting devices
motion controllers
v scaffolding or elevated
platforms
other

Lasers

type:

wattage:

class:

Instaillation
permanent
temporary

Use
calibration

alignment

Hazardous Materials

cyanide plating materials
scintillation oil (from)
PCBs

methane

TMAE

TEA

photographic developers
other (list below)

NERRRRE

Notes:

Epp (v,qauw wstalalion
of now magnekic channe],

slrulﬂ&u'f amd Pommww




